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Over the period of these grants from the U.S. Army Research Office,
we have been actively engaged in research into theoretical atomic and
ionic physics. In what follows the major areas of our investigationms
shall be discussed, along with the progress that has been made in those
areas. In addition, we shall also discuss, where applicable, the rele-
vance of the research findings to various Army needs in the area. The
discussions are as non-technical as possible, but ample references are

given to published works where the technical details can be found.

I. Photoabsorption by Positive loms

Data on positive ion photoabsorption is required in modeling the
effects of atmospheric thermonuclear blast. This knowledge is required
not only to gain some insight into the vulnerability of missiles and
other weapons,1 as well as to understand the limitations that such a
blast puts on radar.2 In the blast, tre@gndous amounts of electromag-
netic radiation (photons) are produced and issue forth through the
atmosphere. The very high temperature of the blast creates an environ-
ment in which essentially all of the atmospheric gases are ionf:zed.
Thus an understanding of the transport of this electromagnetic energy
from the site of the blast requires a knowledge of the cross sections
for photoabsorption by positive ions.

In addition, with the possibility of an x-ray laser, one needs to

know about the passage of x~rays throuch the atmosphere, as well as through

various materials, to gain some insight into the amount delivered to the target.

Since the x-rays rapidly ionize everything in their path, the problem is
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essentially one of photoabsorption by positive ions.3

It is important to note that it is extremely difficult to measure
ionic photoabsorption in the laboratory owing to the extremely high
temperatures required to produce them in quantity. Thus theoretical
work is a necessity.

When we first began this work, our computer code, which had been
written for atomic photoabsorption4 was redesigned to do ions. Detailed
studies of oxygens’6 and iron7 were performed and some substantial sim-
plifications for inner shell photoabsorption were uncovered; in par-
ticular we found that, apart from a shift in threshold, inner shell
photoabsorption is almost completely unaffected (less than 3%Z) by the
removal of outer shell electrons. This fact both allowed the transfer
of extensive experimental experience on the neutrals to ions, as well as
substantially reduced the work involved in the calculations.

We have also compared the accuracy of our results to highly sophis-
ticated calculations8 and can now predic%, a priori, the few regions
where the calculations are likely to be in errors by more than 10-20%.
The two recent experimentngQnm Li+ and Na+, moreover, have shown excellent
agreement with our calculations.

Thus, using our experience, we have produced a compendium of photo-

absorption cross sections for atoms and ions for all of the elements

from He(Z = 2) to Zn(Z = 30)11. In addition, our computer code itself

1 ’
and an integral part of the nuclear fireball code. 12 The work has // &,
/ ~
since been extended to include relativistic effects and heavy ions ;ﬁqp
/
we find that our conclusions concerning inner shells are unaffectgﬁ%@ézhz
/ Ly, 3




even for 80 times ionized Th(Z = 90).12 We, therefore, conclude this

section by noting that owing to this work, we now have a rather thorough
understanding of the physics as well as the quantitative aspects of

photoabsorption by positive ions over the entire periodic table.

II. Properties of Positive Atomic Ions

As discussed in Sec. I, highly stripped atomic ions are produced
in large quantities in various situations of interest for defense ap-
plications, with very little possibility for determining their proper-
ties in the laboratory. Thus a project has been iaunched to study their
properties theoretically. The chief result of our investigations, aside
from a massive base of ionic data, is that there are alternative ways

13,14 Any ionic property can be regarded

of mapping ionic properties.
as a function of two variable, nuclear charge, Z, and electron number,

N. Thus ionic data can be analyzed in terms of at least three pictures:
isoelectronic (constant N), isonuclear (constant Z), and isoionic (con-

v

stant z = Z - N). The three pictures are mutually complementary; they

emphasize differing aspects of the systematics of ionic data as a function

{ of Z and N. The isoelectronic picture has a long history; the other

13,14

two were suggested by us and recently have seen an upsurge in use.

The isoelectronic picture is the most straightforward and simple

from a computational point of view. In addition, it is directly applic-
able to 1/Z expansion theory. All ionic properties approach known hy-

drogenic values, when plotted vs. 1/Z, in the limit 1/2+0 (Z+=). The

isonuclear picture simplifies the variation of certain ionic properties

from one order of the spectrum to the next. In particular, it spotlights
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the sensitivity of ionic properties to removal of electrons. Thus the

isonuclear picture is well suited to certain applications such as the

impurity contamination in CTR plasma; the many ions of a given impur-
ity nuclide form an isonuclear sequence. These considerations are rel-
evant to weapons applications as well. The isoionic picture maintains

a constant asymptotic votential, (z+1)/r, in the ion. It thus focusses

on the interplay between increasing Z and N simultaneously. Since the
neutral atoms form the z = 0 isoionic sequence (Z = N), the use of this
picture provides a framework for the transfer of extensive experience with
the neutral atomic periodic system acquired through spectroscopy and
collision physics.

The svstematics of any ionic property could be studied in any one
of the above pictures. Since, however, each picture emphasizes diff-
ering aspects of the variation of ionic properties, one picture will
generally be most instructive for a given property. It is often not
clear a priori which picture this will be- in a particular situation so
that each picture should be tried. We have emphasized this point, par-
ticularly to those who generate experimental or theoretical data on ionic
properties, and urge that the data be looked at in the different pic-
tures to glean the maximum amount of information.

In our own work, from the isonuclear picture we have learned that
all inner shell ionic properties are virtually unaffected by removal of

13,14 which allows us to use the extensive neutral

outer shell electrons
data for ions. From the isoionic picture we have understood that the
rich variation of structure associated with chemical properties of the
neutral atoms, lessens considerably for the singly ionized, and is ab-

sent for higher stages of 1onization.13’14




I1I. Photoabsorption by Excited Atoms

Excited states of atoms are also produced in any very hot environ-
ment, such as those discussed in the previous sections; thus their prop-
erties are of interest. In addition, a possible detector in the IR range,
with a quantum efficiency of unity, is now theoretically possible using

lasers to excite atoms to states whose ionization potentials are in the

IR range. Thus photoabsorption cross section for excited atomic states
are needed.

In our preliminary studies, we have emphasized the alkali atoms
whose ionization potentials are low enough to make them easily amenable
to excitation via laser. One particularly interesting result was that
several extra minima, including one dramatic minimum, appear in the cross
section for Cs 5d photoabsorption.15 These minima do not appear in the
ground states of any atoms and are entirely a function of the diffuseness
of the excited state wave function. Nor are these minima isolated

16

phenomena - they span a broad range of states and elements, We are

now in the process of doing extensive work on all of the alkali atoms.

On a related matter, we have performed calculations on the ioniza-

1,3 17

tion of metastable He 27’ s atoms by electron impact, These calcula-

tions, done within the framework of Born approximation, have been rather
successful in reproducing experimental results, and, as such, offer a
strong possibility of being accurately predictive for a number of cases

not amenable to laboratory study.

IV. Charged Particle Impact lonization of Atoms

The range and energy loss of charged particles passing through matter

is almost solely related to the energy loss via ionization of the matter




by the charged particles. Thus a knowledge of these cross section is

the main constituent of calculations of radiation protection and shield-
ing of both men and materijals.
Another important application is for the possibility of nuclear-

pumped lasers, i.e., dealing with the energy transfer of energetic fis-

sion fragments to a (hopefully) lasing medium. Ionization cross sections

of the medium materials, along with the spectrum of secondary electrons
which cause further ionizations and excitations, are of crucial import-
ance in modelling the nuclear-pumped laser situation.18
In still another situation, that of the passage of an ion beam
through the atmosphere or other media, the limiting factor of its pene-
tration is the cross section for inelastic collisions, which are mostly
ionization,
Finally, ionization cross sections of atoms by charged particle
impact is of importance in the possibility of creating population in-
versions which are useful in deducing possible schemes for an x-ray laser.
i Thus these cross sections, which are of i;terest for all three of the
’ above applications, are needed. Many of them are either unobtainable
experimentally (at the present level of technology) or simply unavail-

able. Thus, the need for theoretical estimates is great.

Our work has dealt with total cross sections, single differential

cross section (SDCS) or energy distribution of secondary electrons, and
double differential cross sections (DDCS) or energy and angular distri-
bution of secondary electrons. The total and SDCS are the primary re-
sults needed as input for the applied areas, but the SDCS is necessary

to elucidate ionization mechanisms and to fully assess the validity of the

calculational work.

j
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The noble gases have been dealt with primarily owing to the fact

that most of the experimental data extant is for the noble gases. The
calculations were carried out within the framework of Born approximation
which has proved to be far better than was hitherto suspected. Detailed
calculations of the DDCS for electron and proton impact ionization of

19,21 have shown excellent agreement with experiment in

helium and argon
most energy and angular ranges. In addition, we have confirmed that the
process of charge transfer to the continuum is responsible for the for-
ward peaking at small angles. These calculations have been carried out
for proton energies from 0.1 - 10 MeV, a factor of 100 in energy, and
as a result, we have an excellent predictive prescription for obtaining
DDCS for atoms and energies which cannot, as yet, be studied in a labor-
atory environment.

We have also studied the SDCS for a number of cases‘?z’23 The
focus of this work was to provide a predictive calculational scheme,
as above, as well as to provide a check on experimental consistency and
accuracy. In this latter realm, it has been noted for electron impact24’25
that the ratio of the SDCS to the corresponding Rutherford cross section
takes on a particularly simple form, being proportional to the optical
(photoionization) cross section for small energy transfer, and is equal
to the number of target electrons particivatine in the collision for larse.
We have extended this analysis to proton impact data recently. The im-
portance of this analysis is that we can transfer a large body of optical
data to charged particle collisions and we are now able to provide the
SDCS for many targets in a simple way to an accuracy of *30% (which is

good enough for most modelling applications) doing virtually no calcula-

tions at all! Work is continuing in the direction of extrapolating
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existing experimental data with regard to incident energy and secondary
electron energy.

We have further studied an interesting effect in the total ioniza-
tion cross section for certain atomic subshells where a shoulder is seen
on the low energy side of the maximum.26 This effect was explained in
terms of the fundamental quantity governing the ionization process, the
generalized oscillator strength.27 It was also pointed out how ubiquitous

the phenomenon is, and the circumstances under which it can be found.
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